The molecular physiology underlying human milk production is largely unknown because of limitations in obtaining tissue samples. Determining gene expression in normal lactating women would be a potential step toward understanding why some women struggle with or fail at breastfeeding their infant. Recently, we demonstrated the utility of RNA obtained from breast milk fat globule (MFG) to detect mammary epithelial cell (MEC)-specific gene expression. We used MFG RNA to determine the gene expression profile of human MEC during lactation. Microarray studies were performed using Human Ref-8 BeadChip arrays (Illumina, Inc). MFG RNA was collected every 3h for 24h from 5 healthy, exclusively breastfeeding women. 14,070 transcripts were expressed and represented the MFG transcriptome. Using GeneSpring GX 9, 156 ontology terms (corrected P < 0.05), which include cellular (n = 3,379 genes) and metabolic (n = 2,656) processes as the most significantly enriched biologic process terms. The top networks and pathways were associated primarily with cellular activities most likely involved with milk synthesis. Multiple sampling over 24h enabled us to demonstrate core circadian clock gene expression and the periodicity of 1029 genes (7%) enriched for molecular functions involved in cell development, growth, proliferation, and cell morphology. In addition, we found that the MFG transcriptome was comparable to the metabolic gene expression profile described for the lactating mouse mammary gland. This paper is the first to describe the MFG transcriptome in sequential human samples over a 24h period, providing valuable insights into gene expression in the human mammary epithelial cell.
Introduction
Despite all the real and purported benefits of breastfeeding, only 11% of women are still exclusively breastfeeding at 6 months (1), with milk insufficiency being the most cited reason (10, 30) . Because of ethical and practical issues that underlie obtaining mammary tissue during lactation, the molecular physiology and regulation of lactation remains to be fully elucidated in humans. In addition, in vitro studies of metabolism in human mammary tissue are complicated by the presence of multiple cell types (e.g., adipose and stromal tissue, epithelial tissue, macrophages and lymphocytes) within the gland. Clearly, a non-invasive method would be desirable to analyze gene expression in the mammary epithelial cell (MEC) in lactating women.
During lactation, MECs are essentially "biofactories" of lipids, proteins and carbohydrates for milk (15). Milk fat is secreted via a budding (apocrine) mechanism and brings with it a crescent of the MEC cytoplasm enveloped in plasma membrane (12) .
From 1 to 38% of milk fat globules (MFG) contain these crescents (24), which contain cytoplasmic organelles but no nuclei. We have previously demonstrated that substantial quantities of high quality RNA can be isolated from this unique source. Utilizing RNA isolated from MFG, we have confirmed the expression of α-lactalbumin (LALBA) which codes for the milk protein, LALBA, a mammary epithelial-specific protein. In addition, we identified other gene transcripts, including housekeeping genes, several milk protein genes and the insulin-like growth factor -1 receptor (IGF-1R) by qRT-PCR (17). Thus, the RNA isolated from the MFG most likely comes from the MEC. With this convenient sample source and the availability of microarray technology, it becomes feasible to determine the expression of literally thousands of genes simultaneously.
While gene expression profiling of mammary gland development has been performed extensively in mice (3, (27) (28) (29) , no data are available from humans. In the present studies, we sought to characterize the MFG RNA transcriptome and compare it to the MEC expression profile during lactation described in published literature for the mouse. This transcriptome will serve as a framework for future studies of MEC response to specific hormone signals in vivo and the ontogeny of gene expression from parturition to mammary gland involution.
Materials and Methods

Subjects
Following approval from the Institutional Review Board and the Scientific Advisory Committee of the General Clinical Research Center (GCRC) at Baylor College of Medicine (Houston, TX), written informed consent was obtained from six healthy lactating women, five of whom completed the study. This was part of a larger, 96h study investigating the effect of recombinant human growth hormone (rhGH) administration on the expression of milk protein and metabolic genes. Since the purpose of this paper is to describe the MFG transcriptome, only data from the first 24h (Day 1) with no rhGH treatment, were included in the analysis. Prior to inclusion, participants underwent screening tests to exclude diabetes or impaired glucose tolerance, anemia, renal or hepatic dysfunction and current pregnancy. All women were 18-35 years old and between 6-12 weeks post-partum. They had singleton uncomplicated pregnancies, delivered at term (≥ 37 weeks) and BMI ≤ 27 kg/m 2 . Their infants were healthy and being exclusively breastfed at the time of the study.
Study Design
Following admission to the GCRC, subjects were maintained on a regular diet (35 kcal/kg/day) divided into 3 meals and 2 snacks. Water and calorie-free drinks were available ad libitum. The women and their infants were admitted to the Texas Children's Hospital GCRC on the day of the study (Day 1, 0800h). After a light breakfast, the mothers breastfed their infants to obtain a similar baseline starting point for all women.
An intravenous line was inserted into the ante-cubital vein under Ela-Max cream analgesia (Ferndale Laboratories, Ferndale, MI) and was infused with 0.9% NaCl at low rates to keep the vein open for blood sampling. Blood samples (2.5 ml) were collected at 1130h and every 3h (30 min after the start of breast pumping) until 0830h on Day 3.
Blood was centrifuged at 3000 RPM for 10 min at 4 o C, the plasma was separated and transferred to a new tube then stored at -80 o C. At 1100h and every 3h until 0800h on Day 3, breast milk was collected (see below). Thereafter, the frequencies of milk and blood sample collection were decreased to q6h until 0800h of Day 4. Plasma PRL was measured using an electrochemiluminescence assay (Elecsys 1010, Roche Diagnostics, Indianapolis, IN).
Milk collection
Ten ml breast milk was collected simultaneously from both breasts using a standard breast pump (Playtex Embrace™, Dover, DE) and immediately placed on ice.
The infants then breastfed (~ 10-12 min each side), after which milk collection was resumed into the same bottles until the breasts were emptied. The milk bottles were weighed before and after milk collection on a Mettler AE50 balance (Mettler-Toledo, Greifensee, Switzerland) and kept on ice until finally processed. Approximately 10 ml milk was transferred into sterile, RNAse-free tubes, tightly sealed, then centrifuged (Sorvall Legend T, Germany) at 3000 rpm for 10 minutes at 4 o C. The supernatant fat layer was transferred using a sterile spatula to a new tube. One ml of Trizol (Invitrogen Life Technology, Carlsbad, CA) was added prior to storing at -80 o C.
Milk Samples
RNA Isolation
Total RNA was isolated from Trizol-treated milk fat following the manufacturer's suggested procedures. Total RNA concentration was measured using NanoDrop spectrophotometer (NanoDrop Technologies, Inc). RNA quality was assessed using the ExperionTM RNA StdSens Analysis Kit (Bio-Rad Laboratories, Hercules, CA).
Microarray Study Design cRNA amplification and Expression Microarray
The method of sample preparation was identical to that previously described (17).
In brief, cRNA amplification and labeling with biotin were performed using Quality standards for hybridization, labeling, staining, background signal, and basal level of housekeeping gene expression for each chip were verified. After scanning the probe array, the resulting image was analyzed using the BeadStudio software (Illumina, Inc.).
Data Analysis
Raw intensity data from Beadstudio was exported to GeneSpring GX 9 (Agilent 
Principal Pathways and Ontology
The gene ontology option on Genespring GX9 was utilized to determine the most significant biological processes (corrected P calculating the number of genes from the dataset that met the expression value cutoff that map to the pathway divided by the total number of genes that exist in the canonical pathway displayed. A Fischer's exact test was then used to calculate a p-value determining the probability that the representation of the genes in the dataset compared to the canonical pathway is greater than that explained by chance alone. For our analyses, a P value <0.05 was considered significant. In addition, we performed a gene set enrichment analysis (GSEA), as developed by Subramanian, et al (32) from the BROAD institute. The gene sets were downloaded and imported from the BROAD institute website: http://www.broad.mit.edu/gsea/msigdb/downloads.jsp into Genespring GX 9.
The (C2) functional gene set and (C5) ontology gene set were used for comparison with the MFG_gene list, which was analyzed with each time point compared to the baseline sample. The designated cut-offs were a minimum of 15 genes and a q value cut-off of 0.3.
Clustering
Utilizing the clustering options of Genespring GX9, self-organizing maps using 
Genes Relevant to Lactation
Rudolph et al (28) categorized metabolic genes according to function in the mammary glands of lactating mice. These functions included glycolysis, citric acid cycle, fatty acid synthesis and oxidation, and lactose synthesis. Lemay et al (15) in their paper, compiled a gene set taken from of all genes in literature associated with the biological process 'lactation'. We compared our results to these gene sets and in addition, confirmed the expression of well-known milk protein genes (21). For comparative purposes, the milk synthesis genes were ranked according to the raw fluorescence intensity and a comparison was performed between the mouse data and the human MFG to qualitatively assess the expression profile for the mouse mammary gland and the MFG.
Genes that Change Expression over Time
The MFG gene list was analyzed for expression changes over time by using Repeated Measures ANOVA with Benjamini Hochberg correction for multiple testing on Genespring GX9. Significant genes had a p<0.05. The resulting gene list was further analyzed using hierarchical clustering (correlation, distance = (1-p)) on the EDGE software (14) and determined the ontology and function for this list using GeneSpring GX9, GSEA and DAVID database (4) . In addition, we sought out the expression of the core circadian clock genes in the MFG gene list to determine their expression profiles within 24h.
Results
Clinical Parameters
Five women, 25 ± 3 y (mean ± SE), with a BMI of 24.0 ± 0.5 kg/m 2 were included in the study. Total milk volume collected during the 24h period was 880 ± 123 ml (mean ± SE). The percentage of milk fat by weight was 6 ± 1% per 10 ml milk aliquot. The mean plasma prolactin concentration (suckling-induced) was 251 ± 8 ng/mL with a nadir of 226 ± 49 ng/mL at 0800h and a peak of 284 ± 49 ng/mL at 2300h (Fig 1) .
Global Gene Expression in the Milk Fat Globule Ontology
The MFG gene list (14,070 genes present) was analyzed for the most significant biological processes using the gene ontology option of Genespring GX9 yielding 156 significant GO terms (corrected P <0.05). The top biologic process (Fig 2) 
Networks and Canonical Pathways
Using the Ingenuity Pathways Analysis software (IPA), the five networks most highly associated with the MFG gene list were: 1) cellular function and maintenance cell signaling, and nucleic acid metabolism ( Fig 3) ; 2) cancer, cell cycle, and respiratory 
Genes relevant to Lactation
A comparison of the ninety-eight milk protein (21) and metabolic genes described by Rudolph, et al (28) in mice to the human MFG transcriptome showed that all the milk protein genes and most of the metabolic genes are common to both gene lists ( Table 2) .
Although no direct comparisons may be made between the different platforms used, we ranked the MFG raw fluorescence data according to expression intensity within each category and inferred observations from this list. In both mice and the human MFG, the milk protein genes are the most highly expressed genes. Most plasma membrane transporter genes were expressed in the human MFG, except for SLC2A4 and SLC6A6.
Genes for glycolysis, pentose phosphate shunt, gluconeogenesis, citric acid cycle fatty acid degradation and synthesis, triglyceride and cholesterol synthesis were also detected in the MFG RNA. Of the 456 genes found to be associated with lactation in Pubmed by 
Genes that Change Expression over Time
Utilizing The MFG gene list is comprised of 14,070 genes present in all 5 subjects in at least 1 of the 8 time points (within 24h) when milk was collected. With this gene list, we are able to describe not only the genes present in the MFG, but also the changes that occur throughout the day. The principal significant ontologies referred to cellular and metabolic processes (Fig 2) . This is not surprising since the MEC is a highly synthetic cell during lactation. Self-organizing maps clustered the 14,070 genes according to expression intensity. Table 1 shows the top 50 genes based on fluorescence expression intensity. It is worth noting that 10 of these genes are involved in milk synthesis and 24 are ribosomal proteins, providing a validation of the array. Supporting this too is the enrichment of the carbohydrate biosynthetic process gene set by GSEA. Thus, the MEC centers its synthetic activities on the production of milk components. Osteopontin, lysozyme, CD36 and CD81 are genes that are highly expressed and have been reported to possibly play a role in the infant's immunologic defense (11, 20, 35) . Actin, tubulin and thymosins are genes which encode for cytoskeletal proteins and are highly expressed in the MFG possibly for transporting and trafficking products for eventual secretion in milk.
The most significant ontologies associated with this top cluster involved translation, biosynthetic processes and ribosomal constituents. However, no terms specific for lactation were found. Lemay et al (15) have pointed out the problem of lack of annotation for lactation-specific functions. We further analyzed the data set according to the most significant networks and canonical pathways.
The top networks (Fig 3) were associated with cellular function and maintenance, cell cycle, DNA replication, and protein synthesis, all linked with the high metabolic and synthetic activity of the MEC. Of the 129 analyzed pathways, 46 were found to be significantly enriched in the MFG gene list; the most significant being purine metabolism, supporting the highly synthetic processes in the mammary epithelium. None of the functional gene sets by GSEA were significantly enriched using the MFG_gene list despite 997 gene sets with at least 15 matching genes. ERK/MAPK signaling pathway, known to be activated by several growth factors, was also highly significant. In mice, PI3-AKT, integrin and ubiquitination pathways were the top pathways found to be significant during lactation (15). These were also found to be significantly overrepresented in our data set. The ERK/MAPK signaling pathway is thought not to be Of the 14,070 expressed genes in the MFG, analysis by RMANOVA yielded 1,029 (7%) genes that were significantly changed throughout the day (P <0.05). A heatmap of these 1,029 genes shows that the genes cluster into 2 groups, those that are highly expressed late in the evening until early morning and a set that is initially under expressed and get turned on later in the day (Fig 4A) . These genes were involved in cell development, growth and proliferation, apoptosis and intracellular signaling cascade;
suggesting that the expression of these genes change within a 24h period. The pathway for fatty acid elongation in the mitochondria was enriched, suggesting that there may be diurnal variation in mitochondrial fatty acid metabolism. Prolactin, a lactogenic hormone whose role in established lactation is still unclear, had a peak concentration late at night (Fig 1) , supporting other studies which show that PRL circadian rhythm persists in lactation (31). The mammary gland has long been known to be influenced by hormones, some of which are secreted rhythmically during the day, e.g. prolactin, growth hormone and cortisol. These hormones are known to influence gene expression (7, 16, 26) . However, in this study, we are unable to demonstrate whether prolactin influences gene expression directly.
Recently, circadian clock gene expression has been reported in various peripheral tissues, including the mammary gland in mice (19). These genes are endogenous oscillators that generate transcriptional rhythms for daily timing of physiologic processes.
We demonstrated the expression of the core clock genes (CLOCK, ARNTL, PER1-3, Others like fatty acid binding protein 9 (FABP9), acyl-coenzyme A thioesterase 1 (ACOT1), stearoyl-CoA desaturase 2 (SCD2) were not represented in the chip. The absence of SLC2A4 expression is consistent with reports that this transporter is expressed by adipocytes in the mammary gland (28). PCK2 but not PCK1 was expressed, and we have previously confirmed this by qRT-PCR (data not shown). FADS1 was not expressed in the MFG but a closer look at our data showed that it was present in 3 of 5 subjects. It was excluded since the criteria we set for data refinement using Gene Spring GX9 was that each gene be present in all subjects in at least one time point. The human mammary epithelium has been reported to synthesize medium chain fatty acids de novo (18, 29). The main function of FADS1 is to catalyze the desaturation of long-chain fatty acids. Utilizing the milk fat for RNA isolation precluded further analysis of the fatty acid chain lengths in the milk samples. We are currently studying the de novo synthesis of fatty acids in the mammary gland through different techniques.
In summary, the MFG RNA is a unique and rich source of easily obtainable sample for exploring changes in gene expression in humans. We have demonstrated the expression of metabolic genes involved in milk synthesis that have been previously
reported from animal studies. Finally, data collection over 24h demonstrated the expression of core clock genes and that many genes change expression over time. We believe that analysis of the MFG will provide important insights into gene regulation not only as it relates to human lactation but to other human tissues as well. We advocate the need for better annotation and for designing studies which take into account the variation of gene expression throughout the day. Figures   Fig 1. Suckling-induced plasma prolactin concentration, taken 30 min after the start of breast pumping, over 24h shows a peak during the late evening collection. The mean plasma prolactin concentration was 251 ± 8 ng/mL with a nadir of 226 ± 49 ng/mL at 0800h and a peak of 284 ± 49 ng/mL at 2300h Thyrotrophic embryonic factor (TEF).
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